The morphological effects of an antifungal activity produced by Lactobacillus plantarum 16, a malt-production steep water isolate, on two food-associated fungi were examined microscopically. Spore germination was completely inhibited in Aspergillus fumigatus and Rhizopus stolonifer upon treatment with concentrated cell-free supernatant (cCFS) of strain 16. Furthermore, addition of antifungal cCFS to germ tubes and hyphae halted further development compared to untreated controls. Transcriptome analysis of A. fumigatus Af293 following exposure to antifungal cCFS revealed a number of genes with altered transcription involved in a variety of cellular functions, most notably cell metabolism, suggesting a global metabolic shutdown and subsequent cell death. Increased transcription of the global regulator LaeA was also observed indicating that exposure to the antifungal activity caused a cellular stress response.
INTRODUCTION
Each year substantial losses are incurred as a result of unwanted mould growth in food products (Legan, 1993; Pitt & Hocking, 1999) . A variety of mould species are involved in food spoilage, while only a limited number of yeast species are implicated in such activities (Pitt & Hocking, 1999) . Rhizopus stolonifer is the common black bread mould, which is also responsible for the post-harvest decay of a wide range of fruits, including strawberries and stone fruits (Pitt & Hocking, 1999) . In addition, various species of the genus Aspergillus pose a threat to the food industry as they contaminate agricultural products during pre-harvest, harvest, processing and storage, and most notably produce aflatoxins and ochratoxin A (Perrone et al., 2007) . Aspergillus fumigatus is of particular concern as it is the most common aetiological agent of invasive human aspergillosis, predominantly affecting immunocompromised individuals (Dagenais & Keller, 2009) . As a food spoiler, A. fumigatus is associated with the decomposition of cereals and feed, where strains have been isolated from various types of silage (fermented grass) and stored grains (Melo dos Santos et al., 2003; Mukhtar et al., 2010; Storm et al., 2010) . The production of mycotoxins, such as gliotoxin, verruculogen, fumagillin and helvolic acid, by A. fumigatus is also of significant agricultural and health concern (Boudra & Morgavi, 2005) .
The use of antifungal-producing lactic acid bacteria (LAB) as biocontrol agents to alleviate fungal spoilage is a promising gateway to produce safer, minimally processed foods as desired by consumers. The number of reports documenting the antifungal activity of LAB has significantly increased during the last decade (Delavenne et al., 2012; Magnusson et al., 2003; Valerio et al., 2009 ). In addition, information detailing the extensive food-based applications (Baek et al., 2012; Ryan et al., 2008) and identification of the responsible fungal inhibitory compounds (Brosnan et al., 2012; Ström et al., 2002; Yang et al., 2011) has improved. The antifungal metabolites of LAB identified to date encompass a diverse group of compounds including various organic acids, cyclic dipeptides, fatty acids and proteinaceous compounds (Dal Bello et al., 2007; Gerez et al., 2013; Lavermicocca et al., 2000; Sjogren et al., 2003) , with members of the genera Pediococcus, Weissella, Leuconostoc, Lactococcus and, most predominantly, Lactobacillus possessing such antimycotic capabilities.
In spite of these advancements, the underlying metabolic pathways that are responsible for antifungal metabolite production are largely unknown. Moreover, the molecular target(s) and mode(s) of action of these bioactive compounds have not yet been identified. Previous studies have attempted to discern the interactions between antifungal LAB and their targeted fungi (Mauch et al., 2010; Ström et al., 2005) . The effects of Lactobacillus plantarum MiLAB 393 on the fungal growth and protein expression of Aspergillus nidulans were investigated by Ström et al. (2005) . The study revealed the alteration in expression of two groups of proteins, as observed by 2D PAGE, upon treatment with three antifungal compounds produced by this bacterium. Microscopic investigations have also attempted to shed some light on these enigmatic interactions (Lavermicocca et al., 2003; Mauch et al., 2010) . Germ tube formation and subsequent hyphal development of Trichophyton tonsurans were inhibited by the addition of concentrated cell-free supernatant (cCFS) from Lactobacillus reuteri R2 (Guo et al., 2011) , while brevicin SG1 (produced by Lactobacillus brevis SG1) induced lysis and disruption of the cell wall of Penicillium citrinum and reduced hyphal branching in Candida albicans (Adebayo & Aderiye, 2011) . Most recently, treatment of Aspergillus parasiticus MTCC2796 with an unidentified antifungal compound from Pediococcus acidilactici LAB 5 induced a number of morphological modifications, including the undulation of the mycelia cell surface and reduced size of conidial structures as revealed by scanning electron microscopy (Mandal et al., 2013) .
The use of transcriptome analysis to study the interactions between antifungal drugs and pathogenic fungi provides an ideal basis for applying an 'omics' approach to clarify the mechanisms involved in fungal inhibition by LAB (da Silva Ferreira et al., 2006; Gautam et al., 2008 Gautam et al., , 2011 . Recently, the inhibition of C. albicans SC5314 by two probiotic strains, Lactobacillus rhamnosus GR-1 and Lb. reuteri RC-14, was investigated using transcriptome analysis (Köhler et al., 2012) . Induction of lactic acid utilization genes and stress-related genes was observed, in conjunction with decreased expression of ERG6, ERG11 and CDR1 genes, the first two genes being involved in ergosterol biosynthesis, while the third plays a role in drug efflux. Ergosterol is the main component of the fungal cell membrane and is involved in a variety of cellular functions including membrane fluidity regulation (Alcazar-Fuoli & Mellado, 2013) .
Lb. plantarum 16 is a malt-production, steep water isolate possessing broad-spectrum antifungal activities towards a variety of food spoilage fungi (Crowley et al., 2012a) . It has been successfully used as a biopreservative to arrest growth of Rhodotorula mucilaginosa in both yoghurt and orange juice models, in addition to displaying features of technological robustness (Crowley et al., 2012b) . The availability of the whole genome sequence of A. fumigatus Af293 makes it a suitable candidate to study its transcriptomic response to the antifungal activity produced by certain LAB. Lb. plantarum 16 was previously shown to exhibit antifungal activity towards A. fumigatus (Crowley et al., 2012b) , and the current study examines the effects of cCFS from Lb. plantarum 16 on the growth of two foodassociated spoilage moulds, A. fumigatus and R. stolonifer, by microscopic analysis at different stages in the growth cycle. In addition, transcriptome profiling of A. fumigatus Af293 was performed following exposure to cCFS in an attempt to obtain insight into the mode of action of antifungal compounds. This study represents one of the first efforts to clarify the antagonistic effect of an antifungal LAB on its target mould.
METHODS
Bacterial and fungal cultures used and growth conditions. Lb. plantarum 16 (deposited as NCIMB 41875) was cultivated in MRS broth for 24-48 h at 30 uC under anaerobic conditions. A. fumigatus Af293 was obtained from the University College Cork culture collection and R. stolonifer was procured from the DSMZ culture collection (German Collection for Microorganisms and Cell Cultures). Moulds were routinely cultivated on Sabouraud dextrose agar (Merck) at 30 uC aerobically until sporulation occurred. Spores were harvested in quarter-strength Ringers solution and 0.8 % Tween 80, and spore concentrations were determined on Sabouraud dextrose agar.
Preparation of cCFS from Lb. plantarum 16. cCFS was prepared according to Yang & Chang (2010) . Lb. plantarum 16 was cultivated in MRS broth (Oxoid) for 48 h anaerobically at 30 uC. Cells were harvested by centrifugation at 4400 g for 15 min and the resulting supernatant was filtered through a 0.45 mm filter to remove any residual cells. The resulting cell-free supernatant (CFS) was freezedried in a Labconco 6 freeze-drier and concentrated to 20 times its original volume in 20 mM sodium acetate to yield cCFS which is 206 strength (pH 3.6). A concentrated MRS broth (cMRS) was prepared as a control, as follows: MRS broth was freeze-dried and concentrated as above in 20 mM sodium acetate. The pH of the concentrated broth was adjusted to 3.6 (the pH of the cCFS) using 3 M lactic acid.
Effect of the antifungal supernatant on the development of A. fumigatus and R. stolonifer mycelia on agar. Sabouraud dextrose agar plates with final amounts of CFS of 0, 2.5, 5.0, 7.5 and 10 % (v/v) were prepared using the 206 cCFS stock from Lb. plantarum 16. Control plates were prepared by adding equivalent amounts of cMRS broth. Spore-mycelia suspensions were prepared in quarter-strength Ringer's solution and 0.8 % Tween 80. A 10 ml aliquot of the suspension (approximately 10 5 spores ml 21 ) was spotted on the centre of the adjusted agar plates and incubated at 30 uC aerobically for 7 days. The percentage inhibition was determined by comparing the colony diameter of cCFS-treated samples to the diameter of those treated with cMRS.
Effect of cCFS on the germination of A. fumigatus and R. stolonifer spores, germ tubes and hyphae. Conidia germination assays were performed according to Guo et al. (2011) . The target organisms used were A. fumigatus and R. stolonifer. A 20 ml aliquot of a spore-mycelia suspension of the target mould was prepared (as above) and filtered through Whatman 113 wet strengthened filter paper to remove mycelia. A 5 ml aliquot of the spore suspension was harvested at 4400 g to obtain pelleted conidia and then finally resuspended in an equal volume of Sabouraud dextrose broth containing either 5 or 10 % (v/v) cCFS from Lb. plantarum 16 (5 and 10 % cCFS is equivalent to 16 and 26, respectively, of the original 206 CFS when added to the spore suspensions). The suspension was incubated at 30 uC with shaking. Samples (20 ml) were taken at regular intervals over a 96 h period and examined at either 6400 or 61000 magnification under a light microscope (Leica DM 1000). Acidified control samples were prepared using the appropriate volume of cMRS (see above). The effect of 5 and 10 % cCFS on the growth of R. stolonifer and A. fumigatus germ tubes and hyphae was also examined as follows. Spores of the target moulds were allowed to develop germ tubes or hyphae and cCFS was subsequently added, while addition of cMRS was used as a control. Growth was determined through microscopy examination at 6400 or 61000 magnification at regular intervals over 96 h. For comparative purposes the chemical preservatives sodium benzoate and potassium sorbate (Sigma Aldrich) were added at final volumes of 0.1 %, equivalent to the USA Food and Drug Administration (FDA) recommended levels (Davidson & Taylor, 2007) , to spores of A. fumigatus and R. stolonifer. Samples were taken at regular intervals and examined at 6400 or 61000 magnification for spore germination as above.
Preparation of A. fumigatus Af293 RNA for microarray analysis.
A. fumigatus Af293 spores (10 5 spores ml 21 ) were inoculated into 50 ml Sabouraud dextrose broth and incubated with agitation at 30 uC for 20 h. cCFS (10 %, v/v) was added to the A. fumigatus Af293 culture. Samples were reincubated at 30 uC for 10 min. Aliquots of 10 ml were withdrawn and centrifuged at 4400 g for 10 min at 4 uC. The resulting fungal pellets were frozen immediately and stored at 280 uC prior to RNA extraction. A. fumigatus Af293 without the addition of cCFS served as an untreated control. Samples were prepared in triplicate. Total RNA was isolated from A. fumigatus Af293 according to Gautam et al. (2008) . Frozen fungal pellets were physically disrupted by grinding with a mortar and pestle on dry ice (held at 280 uC prior to extraction) and the resulting powdered cell extracts were used for total RNA extraction using the RNeasy plant minikit (Qiagen) according to the manufacturer's instructions. The presence of intact 28S and 18S rRNA bands was confirmed by gel electrophoresis on a 1 % agarose gel. The rRNA ratio was determined using an Agilent 2100 Bioanalyser. The extracted RNA was treated with RNase-free DNase (Ambion; Invitrogen) prior to shipment to MYcroarray (Ann Arbor, MI, USA) for microarray analysis as described below.
Microarray analysis. Total RNA was converted to cDNA using Life Technologies (Ambion) amino allyl MessageAmp II aRNA amplification kit. Fluorescent labelling of cDNA was performed by combining one vial fluorescent dye (Alexa Fluor 555; Invitrogen) to 55 mg aacRNA following the manufacturer's instructions. Unincorporated dye was removed using RNeasy mini columns. The Qiagen quick clean-up protocol was followed. Custom 40K A. fumigatus Af293 MYcroarrays were manufactured in which each A. fumigatus gene is surveyed by one unique probe sequence. There are four identical replicates of each A. fumigatus probe sequence, such that a total of 9624 genes were surveyed by each array. Each fluorescent target (12.5 mg) was hybridized separately to one array. Single colour hybridizations were performed for 18 h at 50 uC in 66 SSPE (3 M NaCl, 20 mM EDTA, 118.2 mM NaH 2 PO 4 and 81.8 mM Na 2 HPO 4 ) with 10 % deionized formamide and 0.05 % Tween 20. Following hybridization, the slides were washed five times in 16 SSPE and subsequently spun dry in a microarray mini-centrifuge (Arrayit). Hybridized slides were scanned in an Axon 4000B scanner (Molecular Devices) set at 5 mm per pixel resolution and 100 % laser power. Data were extracted from the scanned images using GenePix Pro software (version 6.1.0.4). The resulting data were scaled and normalized, and a gene was considered differentially expressed if P,0.01 (Student's t-test) and if the foldchange ratio was greater than 2 (or less than 0.5). Final results are the mean of three biological replicates. Function and functional categories were assigned to differentially expressed genes using the Gene Ontology (GO) enrichment, the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment and the Functional Catalogue (FunCat) analysis tools provided on the FungiFun platform (Priebe et al., 2011) .
Real-time quantitative reverse transcription PCRs (qRT-PCRs) for microarray validation. Microarray data were validated by realtime qRT-PCR using total RNA extracted from treated and untreated samples as above isolated in an independent experiment. Contaminating DNA was removed by treatment with Ambion Turbo DNase (Invitrogen) prior to reverse transcription according to the manufacturer's instructions. Total RNA was converted to cDNA employing the Superscript III reverse transcriptase (Invitrogen) system for cDNA synthesis. Total RNA (10-20 mg) was used in an annealing reaction with 1.6 ng random nonamers ml 21 (MWG Biotech). The annealing mix was incubated at 70 uC for 5 min then cooled at room temperature for 10 min. Reverse transcription was performed using 10 ml annealing mix and Superscript III reverse transcriptase (Invitrogen) for 16 h at 42 uC. Primers for qRT-PCR were designed using Primer3Plus software (Untergasser et al., 2007) to amplify products of approximately 150-250 bp (Table 1) . Realtime qRT-PCR was performed using SYBR green I master mix (Roche) (as per the manufacturer's instructions) using the LightCycler 480 II detection system (Roche). The qRT-PCR cycling conditions consisted of an initial step of 95 uC for 10 min, followed by 40 cycles of 95 uC 15 s, 58 uC for 30 s and 72 uC for 30 s. The GAPDH (glyceraldehyde 3-phosphate dehydrogenase)-encoding gene is known to be constitutively transcribed (Gautam et al., 2008) and was included as the control. Transcription levels were analysed using the formula 2 (DCT target) /2 (DCT control) , where CT represents the threshold of detection, the target is the gene of interest and the control is represented by the GAPDH-specifying gene. All results presented are the mean of three biological replicates.
Microarray accession number. The microarray data are publicly available under ArrayExpress accession number E-MTAB-1701.
RESULTS

Effect of antifungal supernatant on fungal development
Previously, we showed that cCFS from Lb. plantarum 16 inhibited the growth of the spoilage yeast Rhodotorula mucilaginosa (Crowley et al., 2012b) . Here we assessed the effects of adding varying amounts of 206 cCFS from Lb. plantarum 16 on mycelial growth of two filamentous fungi, A. fumigatus and R. stolonifer. When cCFS was added to Sabouraud dextrose agar (,5 %, v/v) no obvious developmental changes in either A. fumigatus or R. stolonifer were observed compared to the acidified control (0 % inhibition). When cCFS was added to a final amount of 5 % (v/v) or higher, clear inhibitory effects were observed with regard to colony growth, with 17±8-81±1 % and 19±6-29±9 % inhibition for A. fumigatus and R. stolonifer, respectively, compared to the control plate (Fig. 1) . A. fumigatus was more sensitive to the effects of antifungal cCFS as 50 % inhibition was obtained at a volume of 6.5 % cCFS compared to 8.5 % cCFS needed to induce 50 % inhibition in R. stolonifer (Fig. 1) . cCFS at 10 % induced complete inhibition of both target moulds. The cMRS control did not have an effect on the growth of R. stolonifer; however, at a final volume of 10 % cCFS colony growth of A. fumigatus was inhibited by 31 % compared to plates containing no cMRS (data not shown).
Effect of cCFS on the growth of A. fumigatus and R. stolonifer spores, germ tubes and hyphae As cCFS (10 %, v/v) caused complete inhibition of both moulds on Sabouraud dextrose agar, this volume was chosen to assess, in detail, the effects on growth of the spores, germ tubes and hyphae of these fungi. Firstly, the effects of incubating spores in cCFS (10 %, v/v), or the equivalent control (cMRS), were determined. Addition of cCFS (10 %, v/v) to spores of A. fumigatus and R. stolonifer resulted in complete inhibition of germ tube formation over a 96 h period in both species (Fig. 2) . In contrast, the spores in control samples developed germ tubes after 6 and 12 h (R. stolonifer and A. fumigatus, respectively), and by 96 h mycelia were present (Fig. 2) . To assess if additional stages of growth were affected by cCFS we examined germ tube and hyphal growth. Addition of cCFS (10 %, v/v) to germ tubes of either of the two tested moulds was shown to restrict hyphal elongation, and after a period of 96 h initial germ tubes, which were evident at 6 h, were still present without evidence of germination (Fig. 3) . Treatment of initial hyphae with cCFS (10 %, v/v) resulted, for both R. stolonifer and A. fumigatus, in decreased branching of hyphal structures with a lack of mycelium development (Fig. 4) . A lower amount of cCFS (5 %, v/v) was also assessed with regard to its effect on the growth of the spores, germ tubes and hyphae of both strains; however, growth was merely delayed when this amount of cCFS was applied, and by 72-96 h mycelia were present (data not shown). The effect of sodium benzoate (0.1 %) and potassium sorbate (0.1 %) on the germination of A. fumigatus and R. stolonifer spores was also determined microscopically. Sodium benzoate (at 0.1 %) did not appear to restrict the growth of R. stolonifer with hyphae present at 24 h as with the untreated control (Fig. 5) . In contrast, germ tube emergence in A. fumigatus was delayed until 24 h compared to the untreated control in which hyphae were present at the same time point (Fig. 5) . Exposure to 0.1 % potassium sorbate delayed germ tube formation in both of the fungi until 24 h, which was in stark contrast to the untreated control as hyphae were clearly present by this time point (Fig. 5) . However, between 72 and 96 h, mycelial development was evident in both targets. These results therefore indicate that 0.1 % potassium sorbate is more effective than 0.1 % sodium benzoate in restricting growth under the conditions tested as germination was delayed by this compound in both fungi.
Microarray analysis
Microarray analysis was performed to elucidate genes that had their transcription levels modulated upon exposure to the antifungal cCFS from Lb. plantarum 16. Acidified MRS was used as a control in morphological examinations to determine the role of lactic acid in the fungal inhibition. While lactic acid was observed to have an impact on A. fumigatus growth, the antifungal effect was incomplete indicating that lactic acid is not the sole component exerting the antifungal effect. The microarray data reflect the impact of the whole supernatant inclusive of lactic acid produced by the strain in combination with additional, asyet-unidentified, organic acids and other components that contribute to the antifungal phenotype. A total of 209 out of 9624 genes of A. fumigatus Af293 were found to exhibit significantly (P,0.01) altered transcription upon exposure to cCFS for 10 min (Fig. 6 ). Of these, 171 genes exhibited decreased transcription (,2.0 fold change, P,0.01), while 38 genes were determined to elicit significantly increased transcription levels (.2.0 fold change, P value ,0.01) compared to the untreated control. The genes displaying decreased expression can be classified into those involved in, amongst others, metabolism (n534), transport (n517), signalling (n55), cell stress (n54) and ergosterol biosynthesis (n53) (Fig. 6 ). Some genes of interest, displaying reduced mRNA expression, include the ERG25 and ERG24 genes of the ergosterol biosynthesis pathway, and four genes encoding drug efflux transporters of the major facilitator superfamily (MFS) (AFUA_1G13800, AFUA_5G01630, AFUA_2G16860 and AFUA_5G01350). Hypothetical proteins comprised the largest group of genes which displayed decreased transcription (n553). The number of genes with increased transcription represented only 18 % of the total differentially transcribed genes and included those involving metabolism (n54), transport (n52), transcription (n53) and cell stress (n51) (Fig. 2) . Similar to the genes showing decreased transcription, the group of genes encoding hypothetical proteins was the highest (n518). The increased expression of LaeA, a secondary metabolism regulator, was also of particular interest. Fourteen genes were validated using real-time qRT-PCR, all exhibiting differential transcription levels that were consistent with those obtained in the microarray data (Table 2) . To substantiate and expand on the transcriptional changes observed at 10 min post-exposure, real-time qRT-PCR analysis was also performed at a later time point on total RNA extracted at 60 min exposure to cCFS. All representative target genes were confirmed to have similar levels of transcription to those observed after 10 min (Table S1 , available in Microbiology Online), with the exception of ERG25 (AFUA_8G02440) and ERG24 (AFUA_1G03150), which were found to have transcription levels that were 25-fold and 23-fold, respectively, lower than that observed at 10 min post-exposure.
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DISCUSSION
The increasing need for safer, preservative-free approaches to food preservation has prompted interest in the exploration of antifungal LAB applications. This study describes the morphological and transcriptional responses of A. fumigatus to the antifungal compounds produced by Lb. plantarum 16 by means of a physical morphological assessment by light microscopy combined with transcriptome analysis. R. stolonifer is a food-associated mould and was also used in microscopic examinations to assess if the morphological effects are similar to those observed in A. fumigatus. The antifungal substances produced by Lb. plantarum 16 were shown to affect growth of R. stolonifer and A. fumigatus when applied in agar and liquid growth media. In keeping with other findings (Guo et al., 2011; Mauch et al., 2010) , the application of antifungal supernatant from lactobacilli resulted in the inhibition of germ tube formation, as determined by microscopic analysis. Furthermore, the addition of antifungal supernatant from Lb. plantarum 16 to germ tubes and hyphae also halted any subsequent mycelial development. The two commercially used preservatives assessed in this study elicited a delayed germination response, although mycelial development was observed in all cases after a period of 72-96 h, emphasizing the potential of Lb. plantarum 16 as an attractive, possibly more potent, alternative to the above preservatives, not precluding the fact that the spore concentration applied may be higher than that typically found in food samples. However, the relative effectiveness of the antifungal supernatant is clear from this analysis.
Transcriptome analysis determined that cCFS from Lb. plantarum 16 induced differential transcription of a variety of genes involved in multiple cellular functions (Fig. 6) , revealing that no distinct target is identified, but that a global shutdown response seems to take place culminating in fungal growth arrest. Transcriptome experiments were performed following 10 min of exposure in order to assess the immediate impact of antifungal activity on the primary transcriptional responses, as opposed to secondary, and thus indirect responses. Genes associated with cell metabolism, more specifically carbohydrate, amino acid and fatty acid metabolism, represented the second largest group of genes (Table S1 ), which exhibited decreased transcription following exposure to the antifungal activity. This suggests that the antifungal substance(s) induces a general cell metabolic shutdown, which in turn is likely to affect expression of numerous other genes leading to growth arrest (as determined by microscopy). In addition, T 10 , 10 min post-exposure; T 60 , 60 min post-exposure.
Fungal inhibition by Lactobacillus plantarum 16
reduced transcription of genes involved in cell stress, signalling and phosphorylation, and genes specifying cell membrane proteins and transcription factors, was observed (Fig. 6) . There are about 20 enzymes involved in the ergosterol biosynthesis pathway of A. fumigatus and it is a common target of a number of antifungal drugs, including azoles and polyenes (da Silva Ferreira et al., 2005; AlcazarFuoli & Mellado, 2013 ). In the current study reduced transcription of three genes involved in ergosterol biosynthesis was observed: ERG 25 and ERG 24 (two copies).
Reduced expression of these genes may lead to the production of aberrant sterols, thus further compromising cell growth. Previous studies in yeast and moulds have reported increased expression of ERG genes in response to antifungal drugs that target sterol biosynthesis (Agarwal et al., 2003; Liu et al., 2005; Gautam et al., 2008) . The significantly reduced expression of certain ERG genes as observed in this study suggests that cCFS does not specifically inhibit the ergosterol biosynthetic pathway. It is not known if ERG24 and ERG25 are essential genes in Aspergillus. It is likely, however, that the reduced level of expression is a consequence rather than a cause of growth inhibition.
Antifungal drug resistance is often attributed to the increased transcription of drug efflux pumps in order to extrude harmful toxins from the cell cytoplasm (Lupetti et al., 2002) . The A. fumigatus Af293 genome encodes a total of 327 MFS and ATP-binding cassette (ABC) transporters, of which 96 are MFS multidrug transporters (da Silva Ferreira et al., 2005) . The ability of A. fumigatus Af293 to reduce the accumulation of antifungal substances may have been compromised in this case as we observed the reduced mRNA expression levels of four MFS multidrug transporters in the presence of cCFS, although this is a relatively small number and may indicate that this is merely a contributory factor rather than a primary cause.
One of the most interesting effects was increased transcription of LaeA, which specifies a global regulator of secondary metabolism gene clusters in A. fumigatus. The LaeA gene product is believed to be involved in the biosynthesis of mycelial pigments and gliotoxin: two functions contributing to A. fumigatus pathogenesis (Bok & Keller, 2004) . Indeed, Perrin et al. (2007) determined that 13 of the 22 secondary metabolite gene clusters of A. fumigatus Af293 are under the transcriptional influence of LaeA, including the gliotoxin biosynthesis cluster and a gene cluster containing Afpes1, involved in spore morphology and melanin synthesis. The increased transcription of LaeA indicates that despite global cCFS-mediated transcriptional reduction of multiple functions, the cell still attempts to protect itself from antifungal activity.
Consistent with previous findings (Gautam et al., 2008 (Gautam et al., , 2011 ) the largest group of differentially transcribed genes encode hypothetical proteins, which may be a possible source for additional mechanisms of action and therefore warrant further investigation, as their elucidation could form the basis of future studies on LAB antifungal compounds. Overall, the ability of Lb. plantarum 16 cCFS to inhibit A. fumigatus Af293 growth seems to be related to reduced cellular metabolism, while also genes that specify membrane/transport proteins, or are involved in ergosterol synthesis were affected. The results obtained from this transcriptome analysis are consistent with aforementioned microscopic observations that revealed instant inhibition once spores, germ tubes or hyphae were exposed to cCFS, suggestive of global metabolic shutdown. The supernatant used here contains one or more, as of yet, unidentified antifungal compounds, most likely acting in synergy to exert an effect. Future investigations should be aimed at discerning the specific molecular targets of individual antifungal LAB components that have been described previously, such as 2-hydroxy-4-methylpentanoic acid and d-dodecalacetone (Ndagano et al., 2011; Yang et al., 2011) . It may also be pertinent to apply a sublethal dose of the antifungal supernatant to assess the fungal transcriptional response to such treatments. The current study, through the implementation of an 'omics' approach, represents a framework for studying these elusive LAB-fungal interactions.
